This paper presents different aspects of air inlet behaviour near the inducer of a radial compressor and shows how the geometry can contribute to its stability and performance. Unfortunately, the space reserved for installation of an automotive turbocharger in a vehicle is constantly being reduced, so it is necessary to study the effects that elbows and abrupt changes in flow directions originate on the compressor performance. The work presented in this paper studies the effect that different 90°elbows have on the compressor with respect to its ideal, straight, no-elbow configuration, in order to obtain the best possible elbow configuration.
Introduction
Turbochargers have been in common use for at least the past 50 years to enhance the performance of internal combustion (IC) engines. Turbocharged diesel engines are standard, and turbocharging is also becoming increasingly widespread for spark ignition engines. This trend is set to continue with the on-going drive for improved fuel economy and increasingly tight emissions legislation, where engine downsizing enabled by turbocharging is already playing a significant role.
A turbocharger is a machine that is mechanically separate from the IC engine and consists of a centrifugal compressor directly coupled to a radial turbine, which is driven by the, otherwise wasted, exhaust gases.
In normal engine operating conditions, surge had never been a problem as, traditionally, the compressor did not operate close to the surge line. However, in recent years, the demand for higher low engine speed torque, implies that high compressor pressure ratios are required at low mass flows. This translates into the compressor having to operate very close to the surge limit.
A simple solution to solve this problem would be to use a smaller compressor that could operate further away from the surge line at the required low mass flow. Unfortunately, a smaller compressor also translates into a lower maximum mass flow, as the compressor will choke earlier and would imply not being appropriate for the engine when operating at full load.
The admission line design can influence the compressor surge limit, which can be modified or affected by altering the inlet or outlet geometry of the compressor. According to White, 1 the impossibility of placing the correct admission line when the compressor is installed on a vehicle can lead to significant problems, as the surge limit line will be different to the one determined by the manufacturer. An incorrect admission line can create great instability and non-uniform flow at the inducer or blade leading edges, causing a phenomenon known as rotating stall, which leads to compressor surge.
The literature reports that in the case of axial compressors, they commonly exhibit rotating stall before surge. 2 The rotating stall not only depends on the compressor blade characteristics, but also on the system in which it is installed; this is also extensive to the centrifugal compressors. 3 It is possible to consider the inlet distortions as the primary cause of the rotating stall phenomena, as it is the main factor affecting the uniformity of the flow. 4 Surge and efficiency are known to be significantly influenced by the flow discharge characteristics on the impellers, which mainly depend on the behaviour of the airflow through the inducer. 5 Some distortions, evidenced in the flow, are caused by the elements that compose the inlet configuration line, inducing undesirable instabilities that reduce the compressor efficiency or produce compressor surge. 6 These distortions can be severe or light, but in any case, they affect the compressor performance, so it is evidently important to study the inlet admission geometry line when a compressor is installed.
In recent years, when turbocharging the automotive diesel engines, it is very common to find this type of problem in the inlet geometry compressor admission. This is due to the fact that the space reserved for the installation of the turbocharging system is being constantly reduced, mainly due to engine downsizing, as well as due to the other auxiliary elements installed around the engine. Engine manufacturers want to pack everything together and make engines as compact as possible in order to reduce space, weight and cost. Turbocharger manufacturers usually proportionate compressor maps measured in turbocharger test benches with long and straight admission ducts, and this information is used later by engine manufacturers in their computational models. These codes are used to study control strategies, which are very important to ensure that the compressor always works safely far from the surge line, as seen in Canova 7 and Kyrtatos et al. 8 As we will see, the influence of the geometry of the admission duct may be of high importance and should be taken into account by modifications of the compressor map and some elements that simulate the pressure losses. In the first stages of development of new engines, it is also usual to select a compressor using manufacturer's maps; critical to this selection are the limits imposed by the surge and choke lines. 9 At this point, different admission configurations should be studied so that better results can be achieved.
In many modern engine configurations, due to the lack of space, it is becoming very common to have an elbow in the admission duct very close to the inducer of the centrifugal compressor. 10 This design solution, however, has important consequences on the surge limit and the compression ratio of the centrifugal compressor, possibly forcing the designer to choose different models for different elbow configurations if the compressor works near the surge line, or if the maximum mass flow rate becomes lower than required.
To this extent, the main purpose of this work is to analyse the effect that 90°elbows have on the compressor performance when installed close to the inducer and study different elbow configurations and geometries. All the elbows tested are designed to fit in the same space and are located at the same distance from the compressor inducer, but they differ in their external and internal geometry.
The different geometries proposed have been designed using a computational fluid dynamics (CFD) code. Furthermore, they have been tested experimentally on a cold, continuous flow test rig. With the results of the experimental characterization and the CFD modelling, a complete study of the effect of the elbows on the compressor behaviour has been conducted for some of the designed elbows.
Apart from this, an extra experiment has been conducted, which consists of generating a depression at the compressor inlet with a straight (no-elbow) configuration. The depression was generated with a restriction (automatic valve) placed close to the compressor, at the same distance where the elbow would be. The literature says that the compressor performance is not affected or it has no important implications, 11 although it seems to produce an improvement in the surge limit area.
This paper is structured as follows. First, different elbow configurations are presented, then a CFD study is shown so that a subset can be selected for building and testing. Next, a methodology to characterize the behaviour of elbows in a continuous flow test rig is exposed. A testing campaign of a centrifugal compressor with inlet elbows in a specific test rig is then presented, and the results are discussed. The influence of low pressure at the compressor inlet is then analysed, and finally, conclusions are given.
Elbow configuration
The elbows have been developed considering different designs with the same main structure and occupying the same space. All the elbows had a circular outlet section of diameter 39.2 mm, imposed by the inducer diameter of the compressor, and a rectangular entry section of 20 3 60 mm. The entry section shape was imposed by the strict limitations in space available in the studied car, and is representative of modern cars. 7 The space between the inducer and the engine was limited to 35 mm (Figure 1) , and in order to have a reasonable radius at the elbow corner, it was decided that a rectangular entry section of the cited dimensions had to be used. The dimensions of the rectangular section were selected in order to match the area of the inducer, as these would decrease the pressure drop produced by the change in section. Another imposed value in the design was that the elbows had to have a curvature of 90°.
The methodology used in the design was to compare the flow behaviour through the elbow and its evolution up to the exit area, where the compressor inducer will be placed. Different geometries have been studied and parameters such as the flow uniformity and pressure loss indexes have been obtained from the CFD model. The different elbow configurations tested are listed below and represented schematically in Figure 1: (a) V1: curvature radius r = 0 mm; (b) V2: sharp elbow of curvature radius r = 5 mm; (c) V3: smoother elbow with large inner elbow radius r = 15.5 mm;
(d) V4, V5, V6 and V7: sharp V2 type elbows with internal directional plates of different shapes and locations; (e) V8: sharp V2 type elbow with internal wedge located before the elbow; (f) V9: smooth V3 type elbow with two flat internal plates at incidence; (g) V10: similar to V3 type elbow, but with the two internal curved guide vanes placed such that they divide the duct in three channels of the same crosssectional area; (h) V11: smooth V3 type elbow with one internal curved guide vane placed such that it divides the duct in two channels of the same cross-sectional area.
CFD evaluation
The method used to find an optimum solution for the elbows has been carried out using a CFD commercial code. Figure 1 . Variants of elbows proposed.
1. The symmetry of the flow with respect to a midplane passing through the elbow axis allows reduction of the number of cells, as only half the geometry needs to be calculated. 2. The airflow is considered incompressible, and therefore density is constant throughout the domain. The error made by this simplification is very low and does not affect the general conclusions of the comparative study performed here. 3. Possible transitional and unsteady effects are also neglected. The convergence criteria used for the steady-state calculations are based on small residuals (of the order of 10e24) and a stabilization of the mass flow rate and the velocity profile at the duct exit. 4. A pressure difference between inlet and outlet of 1500 Pa has been imposed by the inflow/outflow pressure boundary conditions.
A structured mesh criterion was adopted with 26,500 cells, the value chosen after a mesh independence study. Four levels of mesh fineness were investigated, ranging from the coarsest one with 3300 cells to the finest with 150,000 cells. The difference in the mass flow rate results between the finest and the chosen mesh was 2%, with a clear asymptotic behaviour for meshes finer than 26,000 cells. In addition, to avoid boundary-condition problems and obtain continuous flow at the outlet, a longer exit tube was used. The general mesh characteristics and boundary conditions can be observed in Figure 2 . Figure 3 shows the uniformity index and pressure loss coefficient for the same pressure loss rise Dp (1500 Pa) for all the elbows calculated, V1 to V11. The pressure loss coefficient K is defined as
where r is the density (kg/m 3 ) and u is the inlet flow velocity (m/s).
The flow uniformity index (j) has been defined on the basis of the axial velocity at the entry section of the compressor. It takes the value 1 for the straight duct case
where W i is the axial velocity in cell i of the compressor inlet, W m is the axial average velocity at the compressor inlet section, a i is the area of cell i and A is the area of the cross section.
After analysing the results, the four elbows were selected to be built and tested in the continuous flow and turbocharger test rigs with the following characteristics:
(a) elbow V1: curvature radius 0°, used as reference of worst case; (b) elbow V3: lowest pressure drop coefficient; (c) elbow V9: moderate pressure loss coefficient and high uniformity index; (d) elbow V10: highest uniformity index. Figure 4 shows the CFD velocity pattern study for each of the four selected elbows. The circle magnified in each image represents the transversal inducer area. In the V1 case, it can be clearly seen that the flow is not well distributed in this section, while in the other three cases, the flow distribution has been greatly improved. Elbow V1 was the most unstable, as proven by Figures 3 and 4 , in which it can be seen that it has the highest value of pressure loss of the selected elbows and the lowest value of uniformity index. This elbow will be used as the base worst test case from which to make comparisons.
It has to be recalled that the objective of the CFD study was to compare different geometries. No further studies other than the ones shown were carried out, as the only purpose of this study was to evaluate and select the different geometries before they were built and tested.
Continuous flow test rig
To quantify the pressure loss coefficients of each elbow built, a continuous flow test rig is used. The methodology followed consists of two tests: A and B. Test A will be used to determine the pressure loss coefficient of the ducts and flanges that will be used to couple and fix the elbows to the rig in test B. Therefore using the results of both experiments, the pressure loss produced by the elbow can be established. Figure 5 shows a scheme of the experimental tests A and B. The pressure is measured in the settling tank and in the room using mean pressure transducers. The temperature is measured by means of K thermocouples.
The methodology used to calculate the pressure loss produced by the elbow is the following.
Every pressure loss coefficient (K) referring to ducts 1 and 2 is added, resulting in a total K of the test A as shown by
where
and the density r i is calculated from ambient conditions at the inlet of duct 1. K d1i is the pressure loss coefficient of the connection with the atmosphere. K d1 is the pressure loss coefficient of duct 1. K d2 is the pressure loss coefficient of duct 2. K d2o is the pressure loss coefficient of the connection between duct 2 and the settling tank.
Once the value of K A has been obtained, test B is performed with the same elements of test A plus the 90°e lbow in order to obtain its pressure loss coefficient
It is assumed that K d1i , K d1 , K d2 and K d2o are the same as in test A.
Once K B is obtained from test B, the subtraction of the two K coefficients is performed and the K value obtained corresponds to the tested element, in this case the 90°elbow
To calculate the pressure drop Dp elbow in the flow through the elbow, the obtained K elbow value is used
The results extracted from these tests are shown in Figure 6 , where the pressure drop (Dp) and the loss coefficient (K) are plotted versus the mass flow rate ( _ m) for every tested elbow (V1, V3, V9 and V10). Although the tests were carried out up to a mass flow rate of 0.15 kg/s, the results over 0.1 kg/s should not be considered valid, as they might have a significant error. This is because above this value, the velocity of the flow is above Mach 0.2, which is the limit for which the hypothesis of incompressible flow used to calculate K elbow and Dp elbow ceases to be valid, as the density varies significantly. It is also interesting to note that the maximum possible mass flow achieved for elbow V10 was 0.09 kg/s due to flutter produced by the internal guide vanes. Figure 6 also shows the evolution of the discharge coefficient C D with respect to the air mass flow rate. The value of this coefficient, which refers to the loss of effective area produced by the elbow geometry, clearly drops beyond 0.1 kg/s. To calculate the C D coefficient, the following expression is used Test A Figure 5 . Methodology implemented in the test rig using two tests A and B, to calculate the pressure drop caused by the elbows built.
where the theoretic mass flow rate is calculated using
From these experiments, the general conclusion is that the maximum pressure drop has been observed in elbows V1 and V9, just as was predicted with the CFD tests. On the other hand, the elbow that produces the lowest pressure drop is V3. Very similar results have been observed when analysing the discharge coefficient (C D ), with the highest value observed for elbow V3 and the lowest for elbow V9. It is interesting to highlight that the C D value for V1 is below 0.65, implying that only 65% of the geometric area is used by the flow. The measured data have been compared with the CFD calculations performed for the different elbows, as shown in Figure 7 . Clearly, the trend observed in the experimental work for the pressure loss coefficient K of each geometry is well predicted by the CFD results, although the numerical values are under-predicted. This may be explained as follows: first, the pressure drop imposed between the inlet and outlet of the CFD geometry does not take into account the pressure losses termed K d1i at the inlet, K d1 of the inlet duct and K d2o at the settling tank entry; since these are constants for a particular mass flow rate, they entail a systematic constant difference with the experimental data. Furthermore, the junctions between the inlet and outlet ducts and the elbow are considered smooth and continuous in the CFD calculation, while for the experiments, these were not and therefore caused further pressure losses. In this case, each elbow required a different connection, so that the corresponding pressure losses varied from one geometry to the other. Hence, the CFD pressure loss is significantly less and the difference with the experimental values is not constant.
However, since the trend is the same, it may be concluded from these studies that the pressure drop coefficient is maximum in the case of the V1 and V9 configurations (as was also predicted by the CFD calculations) and minimum in the case of V3 (90°elbow with large inner radius and without blades). Indeed, the value of the V3 K coefficient is about 1/4 of that of the V1 and 1/3 of that of the V9. The V10 case shows also a fairly low pressure drop coefficient, but still almost twice as high as that of the V3 elbow.
Compressor and elbow tests in a specific rig
The experimental tests with the centrifugal compressor and the elbows were carried out in the continuous, hot flow turbocharger test bench, where the compressor can be characterized and its map can be obtained. 13 In this experimental facility, the surge line is determined by analysing the instantaneous pressure recorded upstream and downstream of the compressor. This is done by a sequential analysis of all the measured points by applying a fast Fourier transform. 13 The compressor is characterized by recording the values of rotor speed, pressure ratio, air mass flow and temperatures. Compressor efficiency and total to total compression ratio (the ratio between the outlet total pressure and the inlet total pressure) are calculated. Figure 8 shows a diagram of the turbocharger test bench installation with the instrumentation used and its location. The number and position of the pressure and temperature transducers satisfy the SAE standards. 14 The main instrumentation used in these tests is the following: ).
An initial test with a straight pipe line at the compressor inlet was carried out in order to obtain the compressor map, which will be used as a base for comparison. The same test was repeated for each of the selected elbows, as these permitted comparisons between the compressor maps with and without the 90°e lbows. Figure 9 shows the results of these experiments: all tested elbows are not just compared with the original straight duct, but also with the V1 elbow, since this was considered as the worse reference elbow design, with the lowest uniformity index and the highest pressure drop. This permitted not only the assessment of the different effects between an elbow and a straight configuration, but also between a badly designed elbow and a more sophisticated design.
The effects of installing the V1 elbow can be easily spotted when comparing with the original compressor configuration (see Figure 9 ). The surge limit seems to be unaffected for compression ratios over 2, but below this value, the surge limit shifts to the right in the presence of the V1 elbow, meaning that the compressor will surge at higher mass flow rates. This is obviously a negative effect, as it reduces the mass flow range. But apart from this, the V1 elbow also has very negative effects on the pressure ratio and on the maximum flow rate: for the same rotor speed, the compression ratio is always lower. This can be clearly seen at the highest velocities where the difference is greater. Furthermore, the maximum flow rate has also been reduced significantly when using this elbow, making the admissible operating flow range even smaller.
On the other hand, by observing Figure 9 (c), it can be seen that the V10 elbow configuration manages to shift the surge limit to the left, implying that the compressor will surge at lower mass flows, which is always a benefit. Unfortunately, just as with elbow V1, the compression ratios achieved are smaller than with the original configuration. This time though, the effect is slightly different as the drop in compression ratio does not come with the increase in rotor speed, but with the increase in mass flow rate. For a given speed and low mass flow rates, the values of compression ratio are similar to the original results, but as the mass flow rate increases, the compression ratio falls, and results become very similar to those with elbow V1. Also, just like with V1, the maximum mass flow rate allowed is reduced, but this time, as the surge line is shifted to the left, the admissible operating flow range does not vary significantly.
The results obtained when testing elbow V3 can be seen in Figure 9 (a). Once again, the surge limit has been shifted to the left, benefiting the compressor behaviour at low mass flow rates, but as seems common with the elbow configuration, the compression ratio also drops. This time though, it shows an opposite trend to elbow V10. For a given rotor speed and low mass flow rate, the compression ratio is the same as with elbow V1, but as the mass flow rate increases, the compression ratio increases significantly close to values observed with the original no-elbow configuration. This is because the lowest pressure drop coefficient was measured with V3 elbow. Figure 9 (b) shows the effect that elbow V9 has on the compressor map. Again, the surge limit has been shifted to the left, but the compression ratios have dropped significantly showing very similar results to those obtained with the V1 elbow, as expected considering Figure 6 (b) results.
The reason why these effects are happening will be further discussed. In Figure 9(d) , the results of all the elbows are combined and only the region of high compression ratio and low mass flow rate is shown for readability. This figure will help to better understand further discussion.
Discussion of results
In order to understand why the surge limits change, it is fundamental to understand why surge happens. In the impeller of a compressor, the airflow pressure is higher downstream than upstream, therefore creating a pressure gradient opposite to the streamline direction. As the mass flow rate decreases, for a constant rotor velocity, the adverse pressure gradient increases, which, at the same time, increments the viscous shear stress at the impeller blades. At a certain point of the impeller wall, the flow velocity becomes zero because the momentum in the streamline adjacent to the wall is insufficient to overcome the adverse pressure gradient and viscous stress. Unfortunately, this situation deflects the streamlines and directly affects the boundary layer, which increases its thickness. This situation will create reverse flow that will increase in the surface of the impeller wall as the compressor gets closer to the surge point. When the reverse flow becomes more important than the main flow, the rotor compressor velocity is insufficient to overcome the magnitude of the adverse pressure gradient, therefore, the streamlines completely deflect from the impeller wall, creating an abrupt stall for all the rotor impellers and consequently generating surge. Among the parameters evaluated in this study, the uniformity index of the flow in the elbows has the highest impact on the surge limit. Figure 9(d) shows the elbows with the highest uniformity index (V3, V9 and V10), and a benefit in the surge limit can be observed. On the other hand, the V1 elbow that has a uniformity index of 0.742 does not show this behaviour. As is demonstrated in Figure 4 , the CFD analysis shows that in an important part of the area at the inducer inlet, the flow is separated and its velocity is close to zero for elbow V1. This has a very negative impact on the uniformity of the flow, making it very irregular at the impeller's surface, resulting in distortions that will cause rotating stall and surge.
Discharge coefficient (C D ) is another important parameter that affects the surge limit. As for all the cases, this value is below 1 and the mass flow has not been changed; according to the continuity equation, this implies that the velocity of the flow at the inducer is higher. It has to be recalled that surge occurs when the reverse flow, produced by the adverse pressure gradient, is more important than the main flow; therefore, increasing the velocity of the main flow at the compressor inlet will delay surge and make the compressor more stable. This effect, combined with a p: compression ratio, the ratio between the total pressure at the inlet and the total pressure at the outlet.
more uniform flow, benefits the compressor behaviour at low mass flows and moves the surge limit to the left of the map. It is important to note that although the C D of elbow V1 is very low, which should be theoretically beneficial in shifting the surge limit to the left, its uniformity index is very low with high asymmetric flow cancelling all the other possible benefits. On the other hand, elbow V3 and V10, show a C D closer to 1, which is not so beneficial for surge, but this is compensated by having a very high uniformity index. V3 elbow shows the best characteristics (Figure 9(d) ) at high compression ratios.
With respect to the drop in compression ratio when compared to the original no-elbow case, the explanation is pretty simple: it is due to the pressure loss produced by the different elbow configurations. Although the compressor is compressing at the same ratio, the fact that the inlet pressure at the inducer is lower (due to the elbows pressure loss) implies that the pressure at the outlet will also be lower. As can be seen in Figure  8 , the inlet pressure sensor is not installed at the inducer, but at the inlet of the elbow, so when calculating the compression ratio, the pressure loss produced by the elbow is included in the calculation.
In order to deduct the effect of the pressure loss produced by the elbow and observe the real compression ratio, the pressure loss calculated in the continuous flow test rig for all the elbows has been subtracted from the elbow inlet pressure, in order to obtain the pressure at the inducer. This is shown in equation (11), where Dp is the pressure loss of every elbow, which varies with the mass flow rate
The new results are plotted in Figure 10 , where it can be seen that with this correction, there is hardly any difference in compression ratio, except at the maximum tested rotor speed. In this case, it can be observed how the elbows with higher uniformity index (V9 and V10) have the same compression ratio as the original p: compression ratio, the ratio between the total pressure at the inlet and the total pressure at the outlet.
test case with no elbow; while on the other hand, the elbows with a lower uniformity index show reduced compression ratios at high rotor speeds. Figure 11 shows the plot of the compressor efficiency (h) with respect to mass flow rate ( _ m) for three different rotor speeds, comparing also the effect of adding or subtracting the pressure loss produced by the different elbow configurations. As can be seen, when the pressure loss is subtracted, the compressor efficiency seems almost unaffected. The best results are obtained with the elbows V3 and V10, which have the lowest pressure drop coefficient. However, if Dp is included in the calculations, as the mass flow increases, the efficiency reduces with respect to the original no-elbow case.
This can be explained using an enthalpy-entropy diagram, as shown in Figure 12 . With a straight duct fitted on the compressor, the inlet pressure would be atmospheric pressure (p atm ), while its exit pressure would be p 2 0 . On the other hand, if an elbow is installed at the compressor inlet and the pressure still measured from the compressor inducer (p 1 ) to the compressor exit (p 2 ), the compression ratio would still be the same as before, but both inlet and outlet pressures would be lower, due to the pressure drop produced by the elbow at the compressor inlet. Conversely, if the pressure is measured from the elbow inlet (p atm ) to the compressor exit (p 2 ), the compression ratio is reduced as it includes the loss in pressure produced by the elbow. This is the reason why the efficiency is lower when taking into account the complete system (elbow + compressor). Reducing the compression ratio for the same energy determines a decrease in the efficiency of the compressor. Thus, to achieve the same compressor outlet pressure as in the case without elbow, it is necessary to give more power to the compressor itself. The elbow produces a pressure loss that affects the efficiency of the compressor. If this loss is subtracted, as seen in Figure  10 , there is virtually no difference in efficiency
Influence of the lower pressure at the compressor inlet
A second series of tests were carried out in order to experimentally confirm that the main parameters that affect the surge limit on a radial compressor are uniformity index and flow velocity. Flow velocity was achieved by reducing C D , as discussed in previous sections. These tests were carried out using a straight, noelbow duct with a valve upstream in order to generate a pressure drop. The main function of this valve is to create an increase in speed and a reduction in pressure at the compressor inducer, while the mass flow is kept constant. These can be explained by means of the continuity equation, as if the mass flow is kept constant and the flow density is reduced (higher pressure drop), this will produce an increase in flow speed. Two different pressure drops were measured: 150 mbar and 300 mbar. The valve was also positioned 14 diameters upstream of the mass flow measuring plane, which was placed 10 diameters before the inducer. These distances were selected in order to obtain a good uniformity in the flow. A sketch of the installation can be seen in Figure 13 .
As can be observed in the results shown in Figure 14 , the influence of the depression at the compressor inducer has almost negligible effects on the compression ratio. This was the expected behaviour for the results obtained, where the pressure drop was discounted in the 90°elbows tests. The variables represented in these figures have always been corrected with the flow conditions just upstream of the compressor.
The surge line has been shifted to the left in both cases, confirming that flow velocity at the inducer and flow uniformity are the main parameters affecting surge. Unfortunately, the compressor choke line has also shifted to the left, reducing the maximum mass flow rate in the compressor. So this set up is just for phenomena demonstration, because although it shows very positive results with respect to the surge line limit, all these benefits are lost with respect to the choke line limit, as the mass flow operating range of the compressor has been reduced.
Conclusions
Two phenomena that have a major effect on the compressor performance when an elbow with a 90°cor-ner is installed at the compressor inducer have been found: (a) the flow uniformity index; (b) the pressure drop coefficient.
Both effects appear interdependent and mainly affect the surge limit of the compressor and the compression ratio.
1. The higher the uniformity index, the better, as there will be no irregularities in the flow at the impeller surface. 2. On the other hand, a high pressure drop means a low discharge coefficient, implying high flow velocity at the inlet and delaying surge, but it has the negative effect of reducing the compression ratio, due to the pressure loss produced at the compressor inlet. In addition, although a low discharge coefficient is beneficial for surge, it is disadvantageous for choke. Although the surge line shifts to the left, the choke does the same, so the maximum flow allowed by the compressor is reduced. 3. Therefore, it is important to design elbows with the maximum uniformity index possible, as this has no drawbacks; in addition, the design should have the lowest possible pressure drop. Indeed, although a high pressure drop is beneficial for surge, it has other major downsides, so it is preferable to keep it as low as possible.
Considering the results presented in this article and its conclusions, elbow V10 can be confirmed as the optimum solution of all the elbows tested, since it has the highest uniformity index and a low discharge coefficient. Nevertheless, elbow V11 could be even better due to a small difference in uniformity index (j) and sensibly lower pressure drop. Of course, both elbows are optimum if the modification of the surge limit is critical. If surge limit is not an issue, V3 is the best elbow because its pressure loss is the lowest out of all the elbows studied.
Obviously, choosing the right elbow configuration in a very space-constrained case, such as the one studied in this paper, depends upon the relative importance of the surge limit and the allowable pressure loss:
(a) with elbows of high curvature radius, lower pressure drops can be achieved, so this parameter should be kept as high as possible; (b) if the surge limit is very restrictive, large vanes should be used to increase the uniformity index and move the surge limit to the left, but one should use as few vanes as possible because they also cause higher pressure losses. 
